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METHOD FOR DETECTING A DEFLATED 
TIRE ON A VEHICLE 

FIELD OF THE INVENTION 

The invention relates to a method of detecting When the 
air pressure in a tire has fallen below a predetermined 
pressure level, based on the measured Wheel speeds. 

BACKGROUND OF THE INVENTION 

The advent of anti-lock brake systems (ABS) and the 
placement of speed sensing devices at each of the Wheels has 
sparked efforts to develop reliable methods for detecting tire 
de?ation based on Wheel speeds measured during driving. 
Theoretically, four equally in?ated tires on a vehicle Will 
have substantially the same rolling radius and Will therefore 
each rotate at substantially the same speed during straight 
line driving on a dry, ?at and uniform surface. When a tire 
becomes de?ated, its rolling radius is reduced and the Wheel 
speed increases to compensate for the smaller radius. 
Numerous methods of detecting de?ated tires based on the 
rolling radius concept have been created. These methods 
monitor the Wheel speeds and detect variations that may be 
attributable to tire de?ation. 

The rolling radius effect is not the only in?uence acting on 
a tire. For any tire, there is also a grip-rate effect. Simply 
stated, the grip-rate of a tire is de?ned as the ratio of the 
longitudinal tractive force (i.e., torque) applied to the Wheel 
versus the longitudinal tire slip. For a normally in?ated tire, 
the grip-rate remains substantially constant and there is a 
direct correlation betWeen the tractive force applied to the 
Wheel and the corresponding slip experienced by the tire. As 
a tire becomes de?ated, hoWever, the pressure at the contact 
patch is loWered and the grip-rate is increased. The loWer 
pressure causes the tire to grip the road better and slip less 
than a normally in?ated tire. 
When analyZed With respect to the driven Wheels of the 

vehicle, the grip-rate effect causes problems for tire de?ation 
detection methods that use the rolling radius concept. In 
situations When a high accelerative tractive force is exerted 
on a de?ated tire (driving With full throttle up a hill or 
operating the vehicle at high or maximum speeds), the 
increased grip-rate causes the Wheel to spin sloWer than it 
Would if its tire Were normally in?ated and slipping more. 
Recall, hoWever, that a Wheel With a de?ated tire also has a 
smaller rolling radius, causing it to spin faster than a Wheel 
With a normally in?ated tire. Therefore, under high accel 
erative tractive forces, the tendency toWard sloWer Wheel 
speed due to the increased grip-rate often reduces or cancels 
out the tendency toWard increased Wheel speed caused by 
the smaller rolling radius of a de?ated tire, causing the net 
observed Wheel speed to be identical to that of a normally 
in?ated tire. When this occurs, a de?ated tire may go 
undetected. 

Another in?uencing factor that creates problems for meth 
ods based on the rolling radius concept is the variety of 
loading conditions that the tires can experience. Depending 
on the position of the load in a vehicle, it is often common 
to have one or more tires that are loaded more heavily than 
the other tires. Normally in?ated tires that carry a heavier 
load Will have a smaller rolling radius than normally in?ated 
tires carrying a lighter load. Therefore, the Wheels carrying 
the heavier load Will have a higher rotational speed than the 
Wheels carrying the lighter load. Since most rolling radius 
detection methods compare the Wheel speeds to one another, 
the effects of asymmetrical loading are often misinterpreted 
as a de?ated tire. 
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In prior art methods that use the rolling radius concept, the 

problems associated With the grip-rate effect are normally 
addressed by tuning the system to be more sensitive, While 
the problems associated With the asymmetrical loading 
effect are normally addressed by tuning the system to be less 
sensitive. A compromise sensitivity level that adequately 
compensates for both problems is frequently impossible to 
achieve. 

Several attempts have been made to address the effects of 
grip-rate changes and/or the effects of asymmetrical loading. 
US. Pat. No. 5,936,519 discloses a rolling radius method for 
detecting tire pressure drop Wherein the de?ation detection 
calculation (knoWn as a “sum of the diagonals” calculation) 
only utiliZes data collected When the tractive effort on the 
tire is loW, that is, When the vehicle is decelerating Without 
application of the brake. In other Words, the method copes 
With the grip-rate effect by ?ltering out the data that is 
potentially ?aWed by the grip-rate in?uence. This discrimi 
nating method simply eliminates the problematic data com 
monly collected during high speed driving or uphill driving. 
By eliminating this data hoWever, the de?ation detection 
method is not particularly robust as it simply ignores poten 
tially valuable data. 

Other prior art tire de?ation detection methods have 
attempted to incorporate the grip-rate concept as part of the 
de?ation detection process. The main engine of these meth 
ods is the inherent correlation betWeen the driven Wheel 
force and the driven Wheel slip as described above. 
US. Pat. No. 5,561,415 discloses a method for determin 

ing pressure loss in tires on a driven axle by correlating 
simultaneously collected Wheel slip values and Wheel drive 
force values. The method seeks to detect When the overall or 
aggregate grip-rate of the driven axle has changed. If the 
drive force values for the driven axle are not available, 
acceleration data is used to estimate the drive force. The 
correlated data is compared to a predetermined characteristic 
curve to determine Whether a tire on the driven axle is 
de?ated. 

This method is problematic in that the tWo driven Wheels 
are not treated independently. Rather, the tWo driven Wheels 
are treated in the aggregate Which can result in faulty 
de?ation detection. Speci?cally, a relatively negligible in?a 
tion loss in each tire on the driven axle can be interpreted as 
a single critically de?ated tire. Additionally, When the drive 
force is estimated, assumptions regarding payload mass 
must be made. These assumptions do not consider the effects 
of asymmetrical loading. False detection or failure to detect 
may result. While the method does discuss the possibility of 
using measured payload values, payload adjusting values, or 
manually input approximate payload values, such correc 
tions involve additional burdensome steps. 
US. Pat. No. 5,747,686 also discloses a method of 

detecting a de?ated tire based on the correlation betWeen 
drive force and drive slip. The driven Wheel torque is 
calculated and used to predict What the driven Wheel slip 
should be in light of the direct correlation. The actual driven 
Wheel slip is then calculated from Wheel velocity data and 
compared to the predicted driven Wheel slip to determine if 
there is a de?ated tire. 

This method is problematic in that the left side tires are 
treated independently of, and isolated from, the right side 
tires. The tires of each side of the vehicle are treated in the 
aggregate Which can result in faulty de?ation detection. For 
example, a relatively negligible overin?ation of the left 
folloWer tire and a relatively negligible de?ation of the left 
driven tire can be interpreted as a critically de?ated left side 
driven tire. 
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In addition to the aggregation problems discussed above, 
the prior art grip-rate methods are also susceptible to false 
detection or failure to detect due to tire changes. Different 
tire models have different nominal grip-rates such that 
installation of a different tire, having a neW nominal grip 
rate, may fool the prior art methods, Which, to one eXtent or 
another, measure grip-rates relative to a ?xed value stored in 
the program. 

SUMMARY OF THE INVENTION 

The present invention provides an improved de?ation 
detection method based on the grip-rate concept. Unlike the 
prior art grip-rate methods, the method of the present 
invention determines if there is a difference in the grip-rates 
of the tWo driven tires to determine if one of the tires is 
de?ated. By comparing the grip-rates of the tWo driven tires, 
the present invention is not susceptible to false detections 
caused by the aggregation of data from tWo tires having 
various combinations of negligible overin?ation or under 
in?ation. Additionally, since the method of the present 
invention determines if there is a difference in grip-rates 
betWeen the tWo tires, and the determination is not based on 
a comparison to a stored grip-rate value, it is not susceptible 
to error due to differing tire models. Assuming that both tires 
on a driven aXle are the same or similar models and are 

changed at substantially the same time, there Will be sub 
stantially no error due to grip-rate variation betWeen differ 
ent tire models. 

Since the method of the present invention is not based on 
the rolling radius concept, the variations in rolling radii due 
to manufacturing disparities or asymmetric loading do not 
negatively in?uence the detection method of the present 
invention. Additionally, the grip-rate method of the present 
invention utiliZes the normally detrimental combination of 
the rolling radius effect and the grip-rate effect to its advan 
tage in determining Whether a tire on the driven aXle is 
de?ated. As such the method of the present invention can 
detect tire de?ation under driving conditions not normally 
conducive to accurate tire de?ation detection With the rolling 
radius methods (i.e., hill driving, strong forWard 
acceleration, high speed driving). In fact, the grip-rate 
method of the present invention requires periods of such 
high tractive force driving conditions to function properly. 

Furthermore, unlike the prior art grip-rate methods that 
rely on the correlation betWeen drive slip and drive force, 
and need data on both the drive slip and the drive force to 
function, the grip-rate method of the present invention can 
be practiced using only one or the other of the drive slip 
values and the drive force values. If torque values are not 
readily available, the method of the present invention can be 
used With only drive slip values, thereby eliminating the 
faulty loading assumptions associated With estimating the 
drive torque values. On the other hand, if torque values are 
readily available, there is no need to measure drive slip. 

This invention can take advantage of the fact that in the 
majority of cases, an open differential is used at the driven 
aXle. One property of an open differential on a driven aXle 
is that it distributes torque equally betWeen the tWo Wheels. 
For this reason, the present invention does not need to 
measure the grip-rate independently for each Wheel, but 
rather can use the difference in Wheel speeds on the driven 
aXle to determine Whether there is a difference in the 
grip-rates of the tires on the tWo driven Wheels. Similarly, for 
an all-Wheel-drive vehicle that has open differentials With a 
constant apportioning of torque betWeen the front and the 
rear aXles (e.g., 50% front to 50% rear, 30% front to 70% 
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4 
rear, etc.), the torque distribution is easily derived from the 
engine torque based on the torque information supplied by 
the engine controller and the behavior of the commonly used 
open differentials. 

In light of the ability to use only drive torque values, the 
method of the present invention is a particularly good 
candidate for use on all-Wheel-drive vehicles, Wherein each 
Wheel of the vehicle is driven and the torque for each Wheel 
can be determined. The prior art grip-rate methods typically 
require at least one un-driven Wheel as a reference, and are 
thus not suited for use on all-Wheel-drive vehicles. 

Alternatively, the present invention can be used in con 
junction With an eXisting rolling radius method to supple 
ment the detection process by more accurately assessing the 
in?ation status of the tires on the driven Wheels. By applying 
the grip-rate method of the present invention to the driven 
Wheels of a vehicle that is already equipped With a rolling 
radius de?ation detection method, a robust hybrid method 
can be created. 

More speci?cally, the invention provides a method for 
detecting the loss of pressure in a tire of a motor vehicle 
having ?rst and second Wheels on a driven aXle and a tire on 
each of the Wheels. Each of the tires has a grip-rate. The 
method includes measuring the Wheel speeds of the ?rst 
Wheel and the second Wheel a plurality of times n, calcu 
lating a difference in Wheel speed value betWeen the ?rst 
Wheel and the second Wheel for each of the plurality of times 
n, determining a value representative of the tractive force for 
the ?rst Wheel and the second Wheel for each of the plurality 
of times n, pairing each difference in Wheel speed value With 
the corresponding value representative of the tractive force, 
performing a linear regression on the n pairings of the 
difference in Wheel speed values and the values representa 
tive of the tractive force, and analyZing the linear regression 
to determine Whether a tire on one of the ?rst and the second 
Wheels is de?ated. Preferably, determining the value repre 
sentative of the tractive force includes determining either a 
driven Wheel force value or a driven Wheel slip value for 
each of the plurality of times n. AnalyZing the linear 
regression preferably includes determining the slope of a 
best-?t line. 

Other features and advantages of the invention Will 
become apparent to those skilled in the art upon revieW of 
the folloWing detailed description, claims, and draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 represents a ?oW chart of a method of detecting a 
de?ated tire according to the invention. 

FIG. 2 represents a ?oW chart of an alternative method 
according to the invention. 

FIG. 3 represents a ?oW chart of another alternative 
method according to the invention. 

Before one embodiment of the invention is explained in 
detail, it is to be understood that the invention is not limited 
in its application to the details of construction and the 
arrangements of the components set forth in the folloWing 
description or illustrated in the draWings. The invention is 
capable of other embodiments and of being practiced or 
being carried out in various Ways. Also, it is understood that 
the phraseology and terminology used herein is for the 
purpose of description and should not be regarded as lim 
iting. The use of “including” and “comprising” and varia 
tions thereof herein is meant to encompass the items listed 
thereafter and equivalents thereof as Well as additional 
items. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The ?oW chart represented in FIG. 1 outlines a simpli?ed 
rendition of a computer program that can be used to practice 
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the method of the present invention. The method can be 
practiced using any device capable of storing and processing 
the data in the manner described below. Unlike most rolling 
radius methods, the method of the present invention does not 
go through an initial calibration loop, but rather begins 
monitoring tire in?ation immediately. Additionally, there is 
no action required on behalf of the vehicle’s operator to 
initialiZe or reset the system prior to operation. 

Throughout the program, Wheel speeds are read in (block 
10) from the Wheel speed sensors at each of the four Wheels 
at regular sampling intervals. These Wheel speed values are 
used to calculate the normaliZed Wheel speed difference 
NORMiDIFF (block 14). The normaliZed Wheel speed 
difference for the driven Wheels on any axle is expressed 
mathematically as: 

ViLD — ViRD 
N ORMiDIF F : 

Vi REF 
, Where 

ViLD is the speed of the left driven Wheel on the axle, 
ViRD is the speed of the right driven Wheel on the axle, 

and 
ViREF is the vehicle reference speed. 

The vehicle reference speed is simply the average speed of 
all four Wheels. Of course, the normaliZed Wheel speed 
difference could also by calculated by subtracting the speed 
of the left driven tire from the speed of the right driven tire 
in the equation’s numerator. 

Throughout the program, the system also reads in Wheel 
force (torque) values F at the same regular intervals (block 
18). In neWer vehicles, the torque values F are calculated and 
stored in the engine’s computer and are readily available for 
use With the tire in?ation monitoring system. Alternatively, 
the torque values F could be calculated from anything 
representative of, or proportional to, the applied torque, or 
could be measured using technology capable of directly 
measuring the torque being input to a Wheel. 

Each data pair consisting of a normaliZed Wheel speed 
difference value and a torque value is then passed through a 
series of ?lters. Data collected While the vehicle is braking 
is discarded (block 20) since uneven brake pad Wear may 
result in erroneous results. Next, a maneuver check is 
performed (block 22), Wherein the Wheel speeds are com 
pared With respective ?xed ranges to determine Whether the 
vehicle is cornering. If the vehicle is determined to be in a 
turn, the program discards the data set. 

If the vehicle is not braking or cornering, the program 
checks to see if the data Was collected While the vehicle Was 
operating at loW speed (block 26). Preferably, the program 
determines if the vehicle Was operating at a speed of less 
than ten kilometers per hour. If so, the program discards the 
data set. If the vehicle speed is equal to or greater than 10 
kilometers per hour, the data is used for the tire in?ation 
monitoring. It should be noted that the sequence of the 
?ltering is not critical to the invention and could be changed. 
Furthermore, the ?ltering could be performed immediately 
after block 10, prior to the calculation of NORMiDIFF and 
the reading-in of the F value. Also, additional ?lters could be 
added as desired. For example, the NORMiDIFF value and 
the F value data sets could be run through a ?rst-order loW 
pass ?lter as is knoWn to those in the art. 

The tire in?ation detection method of the present inven 
tion is driven by the relationship betWeen the normaliZed 
Wheel speed difference and the Wheel force, and it is this 
relationship that Will be used to accurately determine 
Whether a driven Wheel has a de?ated tire. The relationship 
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6 
is parametric, meaning that both the normaliZed Wheel speed 
difference and the Wheel force are functions of time. 
Additionally, the relationship is dynamic, meaning that to 
accurately determine tire de?ation, the vehicle must traverse 
a range of force inputs corresponding to a range of throttle 
inputs. 
The relationship betWeen the normaliZed Wheel speed 

difference and the torque value is analyZed by performing a 
linear regression on the ?ltered data pairs (block 30). The 
linear regression analysis is described in statistical texts. See 
for example, Hines and Montgomery, Probability and Sta 
tistics in Engineering and Management Science, pp. 
456—475. 

For the purposes of illustration only, the data sets can be 
plotted in a scatter diagram of NORMiDIFF versus F, With 
NORMiDIFF plotted on the Y-axis and F plotted on the 
X-axis (the program of the present invention need not 
physically plot the data points on a scatter diagram). The 
equation used to determine the slope of the best-?t line for 
the plotted data is: 

n 

[2 NORMiDIFF; 
[:1 

n 

n Z NORMiDIFF; * F; - ‘* 
[:1 

Slope : 

Where n represents the total number of data samples being 
used and the subscript “i” represents each individual data set 
collected in the n samples. 

Once the slope of the best-?t line has been calculated, the 
absolute value of the slope is compared to a predetermined 
threshold slope value (block 34) to determine Whether the 
slope is substantially Zero (block 38), or substantially non 
Zero (block 42). The threshold slope value is selected based 
on the desired sensitivity of the de?ation detection system. 

Recall from above that at a constant grip-rate, the tractive 
force and the tire slip are directly related. As more force is 
applied, the tire Will slip more and the Wheel speed Will 
increase. This means that for a tire having a constant 
grip-rate, the relationship betWeen the Wheel force and the 
Wheel speed is substantially proportional. Therefore, if the 
grip-rate of both of the driven tires on an axle remains the 
same (as is the case When both tires are normally in?ated), 
the Wheel speeds of both tires Will be substantially the same 
and the NORMiDIFF values Will be approximately Zero, 
regardless of the force values. In the scatter diagram, the 
best-?t line of the plotted data Will have a substantially Zero 
slope (block 38). 

HoWever, recall from above that at high Wheel force 
values, the increased Wheel speed of a de?ated tire due to the 
rolling radius effect is offset by the decreased Wheel speed 
associated With the increase in the de?ated tire’s grip-rate. 
Therefore, When one driven tire on the axle is normally 
in?ated and the other driven tire on the axle is de?ated, the 
NORMiDIFF values calculated With respect to high force 
values Will be closer to Zero than the NORMiDIFF values 
calculated With respect to loWer force values. Therefore, a 
de?ated tire on either Wheel of the driven axle Will cause the 
NORMiDIFF values to vary With respect to Wheel force 
values. Over time, the variation Will result in a scatter 
diagram With a best-?t line having a non-Zero slope (block 
42). 

Therefore, the linear regression is performed to determine 
the slope of the best-?t line correlating to the data in the 
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scatter diagram. The slope of the best-?t line represents the 
difference in tire grip-rate for the tWo tires on the driven 
axle. If the best-?t line of the data in the scatter diagram has 
a substantially Zero slope, there is substantially no difference 
in grip-rate betWeen the tWo tires and no de?ated tire (block 
38). The program continues monitoring (block 46) by col 
lecting more data and continually performing the linear 
regression slope calculation. 

If, on the other hand, the slope of the best-?t line is 
non-Zero, the grip-rate of one of the driven tires on the axle 
has changed, signaling that one of the tires on the driven axle 
is de?ated (block 42). With the calculation of NORMiDIFF 
as shoWn above, a negative slope indicates that the left tire 
is de?ated and a positive slope indicates that the right tire is 
de?ated. When a non-Zero slope is detected, the system 
issues a Warning to the vehicle operator (block 50). It is then 
assumed that the operator Will take the appropriate action 
needed to return the de?ated tire to its properly in?ated state. 

Any Wheel speed differences due to asymmetric loading 
conditions Will be consistently re?ected in all of the 
NORMiDIFF values, Which Will not change With respect to 
changes in Wheel force since the grip-rate of a tire does not 
substantially change With changes in loading forces. As a 
result, the effects of asymmetric loading Will harmlessly 
offset the best-?t line, changing only the Y-intercept and not 
the slope. Therefore, the grip-rate method of the present 
invention is immune from the negative effect that asymmet 
ric loading typically has on rolling radius methods. 

There is no need for a reset sWitch as the system simply 
continues monitoring (block 54) after the Warning has been 
issued (block 50). If the de?ation has been corrected, the 
slope Will return to Zero over time and the Warning (typically 
a light in the passenger compartment) Will shut off. If, 
hoWever, immediate termination of the Warning signal is 
desired or the system Will be used to supplement a preex 
isting rolling radius method, a reset sWitch may still be used. 

Prior to comparing the calculated slope value to the 
threshold slope value, it may be desirable to judge the 
quality of the linear regression by calculating the coef?cient 
of determination (R2) as is knoWn and described in the 
above-mentioned statistical text at pages 474—475. Gener 
ally speaking, a high R2 value (a value close to 1) signi?es 
the percentage of variability accounted for in the linear 
regression. Calculation of the R2 value could occur Within 
block 30, or at a later point during the analysis (for example, 
just prior to issuing the Warning at block 50). 

Abetter Way to judge the quality of the linear regression 
is shoWn in the ?oW chart of FIG. 2. The ?oW chart 
illustrated in FIG. 2 represents an alternative embodiment of 
the method of the present invention that is preferred to the 
method outlined in FIG. 1. Like reference numerals indicate 
like operational blocks. In the embodiment illustrated in 
FIG. 2, the calculated slope undergoes hypothesis testing, 
knoWn as “signi?cance of regression” testing to assess the 
adequacy of the simple linear regression. Block 130 replaces 
block 30 of FIG. 1, but is not substantially different. The 
slope calculation shoWn in block 130 is simply broken doWn 
into its numerator and denominator for the purpose of 
clarity. The clari?ed slope calculation is as folloWs: 

S 
Slope : l, Where 

XX 
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-continued 

[in] 
n 

[2 NORMiDIFF; 
and 

n 

n 

s,, = Z NORMiDIFF; * F; - 
[:1 

Block 134, Which performs the signi?cance of regression 
testing, replaces block 34 of FIG. 1, Which simply compares 
the absolute value of the slope to a predetermined slope 
threshold. The signi?cance of regression testing used in 
block 134 more robustly determines if the slope is non-Zero 
by utiliZing variance analysis. The signi?cance of regression 
testing in block 134 is explained in detail in the above 
mentioned statistical text at pages 461—465. Generally 
speaking, a variable F0 is calculated using the folloWing 
series of equations: 

F0 Where 

SSR : Slope>l<SXy, 

SSE : Syy —SSR, and 

2 n 

[2 NORMiDIFF; 
[:1 

n 

2 
SW = Z NORMiDIFF; - 

F0 is then compared to a predetermined FO threshold 
(block 138) to determine Whether the slope is in fact 
non-Zero. The predetermined FO threshold value is deter 
mined empirically based on vehicle tests Where a tire is 
de?ated or When the grip-rate characteristics of a tire are 
knoWn. If the comparison in block 138 indicates that the 
slope is Zero, there is no de?ated tire and the system 
continues monitoring (blocks 38 and 46). If the comparison 
in block 138 indicates that the slope is non-Zero, there is a 
de?ated tire and the Warning is issued and monitoring 
continues (blocks 42, 50, and 54). This alternative embodi 
ment more accurately accounts for statistical variance in the 
data sets, thereby resisting false de?ation Warnings. 

FIG. 3 illustrates yet another embodiment of the present 
invention Wherein the normaliZed driven Wheel slip 
NORMiSLIP is substituted for the Wheel force F. Recall 
from above that the Wheel force and driven Wheel slip are 
directly related for any given grip-rate. As such, it is possible 
to substitute driven Wheel slip for Wheel force When the 
Wheel force data is not readily available. This substitution 
can only occur, hoWever, for non all-Wheel-drive vehicles 
since the calculation of NORMiSLIP requires Wheel speeds 
of both driven and un-driven Wheels. NORMiSLIP is 
calculated from the read-in Wheel speeds according to the 
folloWing equation: 

min(ViLD, ViRD) — min( ViLF, ViRF) 
NORMiSLIP : ViREF , Where 

ViLD is the speed of the left driven Wheel on the driven 
axle, 

ViRD is the speed of the right driven Wheel on the driven 
axle, 

ViLF is the speed of the left folloWer Wheel on the 
un-driven axle, 
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ViRF is the speed of the right follower Wheel on the 
un-driven axle, 

ViREF is the vehicle reference speed. 
The vehicle reference speed is simply the average speed of 
all four Wheels. The embodiment illustrated in FIG. 3 is 
substantially the same as the embodiment illustrated in FIG. 
2 With the eXception that the calculation of NORMiSLIP in 
block 218 ?oWs from block 10 and replaces the reading-in 
of force values in block 18. All of the steps beginning With 
the ?ltering are the same as the steps in FIG. 2, eXcept that 
NORMiSLIP replaces F in the subsequent linear regression 
analysis (blocks 230 and 234). All of the equations are 
modi?ed only by substituting NORMiSLIP for every 
occurrence of F. As such, it should be appreciated that 
NORMiSLIP can replace F in the method of FIG. 1 just as 
it replaces F in the method of FIG. 2. 

One of the main differences betWeen the embodiments of 
FIGS. 1 and 2 as compared to the embodiment of FIG. 3 is 
the applications With Which they can be used. As mentioned 
above, the embodiment of FIG. 3 can only be used for the 
driven aXle of tWo-Wheel-drive vehicles. The embodiments 
of FIGS. 1 and 2 can be used on tWo-Wheel drive vehicles 
When some form of the force values for each Wheel are 
available. Additionally, the embodiments of FIGS. 1 and 2 
can also be used on all-Wheel-drive vehicles When some 
form of the force values for all four Wheels are available 
(i.e., With open differentials betWeen the tWo Wheels of each 
aXle and betWeen the front and rear aXles, With a drive train 
having a constant proportional torque distribution betWeen 
the four Wheels, or by approximating the Wheel forces by 
solving the standard sum of the forces equation: Force= 

Mass*Acceleration). 
Each of the embodiments could also be used to supple 

ment a rolling radius de?ation detection method. Such a 
hybrid system Would be advantageous in that the rolling 
radius method Would accurately detect tire de?ation While 
driving at loW speeds With loW tractive force, or While 
driving doWn-hill. The grip-rate method of the present 
invention Would accurately detect tire de?ation While driv 
ing at high speeds With high tractive force, or While driving 
uphill. As such, a hybrid system using the method of the 
present invention Would provide accurate and dependable 
tire in?ation monitoring over a Wide range of driving 
conditions. 

In each of the embodiments, the linear regression analysis 
can be performed With any number of data sets capable of 
yielding the appropriate results. Additionally, numerous 
Ways of refreshing the data can be used. For eXample, the 
linear regression analysis can be continuously performed on 
the 6000 most recent data points passing through the ?lters. 
As each neW data set is added to the linear regression 
analysis, the oldest of the 6000 data sets can be discarded. 
This method ensures that the system continuously monitors 
tire in?ation using the most recently acquired data sets. 
Other alternatives, Wherein entire data sets are collected, 
analyZed, and then discarded could also be used. 
Furthermore, it is possible to use a hybrid of the above 
described alternative data refreshing methods, and such a 
hybrid may be bene?cial When a reset sWitch is incorporated 
in the system. 

While the methods described above With respect to FIGS. 
1—3 describe using either engine torque values or Wheel slip 
values to represent the tractive force at the driven Wheels, 
one of ordinary skill in the art Would understand that the 
methods of the present invention can be practiced using any 
other available values that are representative of, or related to 
the tractive force eXerted on the driven Wheels. 
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10 
Various features of the invention are set forth in the 

folloWing claims. 
What is claimed is: 
1. A method for detecting loss of pressure in a tire of a 

motor vehicle having ?rst and second Wheels on a driven 
aXle and a tire on each of the ?rst and second Wheels, the 
method comprising: 

measuring the Wheel speeds of the ?rst Wheel and the 
second Wheel a plurality of times n; 

calculating a difference in Wheel speed, NORMiDIFF, 
betWeen the ?rst Wheel and the second Wheel for each 
of the plurality of times n; 

reading a Wheel force value, F, for the ?rst and second 
Wheels for each of the plurality of times n; 

pairing each NORMiDIFF value With the corresponding 
F value; 

performing a linear regression on the n pairings of the 
NORMiDIFF values and the F values to determine the 
slope of a best-?t line; and 

analyZing the slope of the best-?t line to determine 
Whether a tire on one of the ?rst and the second Wheels 
is de?ated. 

2. The method of claim 1, further including 
?ltering the n pairings of the NORMiDIFF values and 

the F values to eliminate pairings obtained during 
vehicle braking. 

3. The method of claim 1, further including 
?ltering the n pairings of the NORMiDIFF values and 

the F values to eliminate pairings obtained during 
vehicle maneuvering. 

4. The method of claim 1, further including 
?ltering the n pairings of the NORMiDIFF values and 

the F values to eliminate pairings obtained during 
loW-speed operation of the vehicle. 

5. The method of claim 1, Wherein analyZing the slope of 
the best-?t line includes determining an absolute value of the 
slope and comparing the absolute value of the slope to a 
predetermined slope threshold, the predetermined slope 
threshold being selected to substantially differentiate 
betWeen a Zero slope and a non-Zero slope. 

6. The method of claim 1, Wherein analyZing the slope of 
the best-?t line includes performing signi?cance of regres 
sion testing to determine an F0 value and comparing the FO 
value to a predetermined FO threshold, the predetermined FO 
threshold being selected to substantially differentiate 
betWeen a Zero slope and a non-Zero slope. 

7. The method of claim 6, Wherein F0 is determined 
according to 

F 
‘’ SSE 

, Where 

n 

[2 NORMiDIFF; 
[:1 

2 n 

n gl 

SW = Z NORMiDIFF; * F; - " , 
[:1 

n 
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-continued 

SSE = S” - SSR, and 

2 n 

[2 NORMiDIFF; 
[:1 

n 

2 
SW = Z NORMiDIFF; - 

8. The method of claim 1 further including 
issuing a Warning When the slope of the best-?t line is 

determined to be non-Zero. 
9. The method of claim 1, Wherein the driven axle is a ?rst 

driven axle and the vehicle further includes a second driven 
axle having thereon a third Wheel With a tire and a fourth 
Wheel With a tire, the method further comprising: 

measuring the Wheel speeds of the third Wheel and the 
fourth Wheel a plurality of times n; 

calculating a difference in Wheel speed, NORMiDIFF‘, 
betWeen the third Wheel and the fourth Wheel for each 
of the plurality of times n; 

reading a Wheel force value, F‘, for the third and fourth 
Wheels for each of the plurality of times n; 

pairing each NORMiDIFF‘ value With the corresponding 
F‘ value; 

performing a linear regression on the n pairings of the 
NORMiDIFF‘ values and the F‘ values to determine 
the slope of a best-?t line; and 

analyZing the slope of the best-?t line to determine 
Whether a tire on one of the third and the fourth Wheels 
is de?ated. 

10. The method of claim 1 further including 
calculating a vehicle reference speed, and Wherein 
NORMiDIFF is calculated according to 

ViLD — ViRD 

NORMiDIFF= ViREF 

Where 
ViLD is the speed of the ?rst Wheel, 
ViRD is the speed of the second Wheel, and 
ViREF is the vehicle reference speed. 
11. The method of claim 1, Wherein the slope of the 

best-?t line is determined according to 

S 
Slope : l, Where 

XX 

n 

[2 NORMiDIFF; 
[:1 

n 

. [2R] 
SW = Z NORMiDIFF; * E- - ‘:1 and 

n 

n 2 

. [2%] 

12. A method for detecting loss of pressure in a tire of a 
motor vehicle having ?rst and second Wheels on a driven 
axle, third and fourth Wheels on an un-driven axle, and a tire 
on each of the Wheels, the method comprising: 

measuring the Wheel speeds of each of the Wheels a 
plurality of times n; 

calculating a difference in Wheel speed, NORMiDIFF, 
betWeen the ?rst Wheel and the second Wheel for each 
of the plurality of times n; 
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12 
calculating a driven Wheel slip value, NORMiSLIP, for 

each of the plurality of times n; 
pairing each NORMiDIFF value With the corresponding 
NORMiSLIP value; 

performing a linear regression on the n pairings of the 
NORMiDIFF values and the NORMiSLIP values to 
determine the slope of a best-?t line; and 

analyZing the slope of the best-?t line to determine 
Whether a tire on one of the ?rst and the second Wheels 
is de?ated. 

13. The method of claim 12, further including 
?ltering the n pairings of the NORMiDIFF values and 

the NORMiSLIP values to eliminate pairings obtained 
during vehicle braking. 

14. The method of claim 12, further including 
?ltering the n pairings of the NORMiDIFF values and 

the NORMiSLIP values to eliminate pairings obtained 
during vehicle maneuvering. 

15. The method of claim 12, further including 
?ltering the n pairings of the NORMiDIFF values and 

the NORMiSLIP values to eliminate pairings obtained 
during loW-speed operation of the vehicle. 

16. The method of claim 12, Wherein analyZing the slope 
of the best-?t line includes determining an absolute value of 
the slope and comparing the absolute value of the slope to 
a predetermined slope threshold, the predetermined slope 
threshold being selected to substantially differentiate 
betWeen a Zero slope and a non-Zero slope. 

17. The method of claim 12, Wherein analyZing the slope 
of the best-?t line includes performing signi?cance of 
regression testing to determine an F0 value and comparing 
the FO value to a predetermined FO threshold, the predeter 
mined FO threshold being selected to substantially differen 
tiate betWeen a Zero slope and a non-Zero slope. 

18. The method of claim 17, Wherein F0 is determined 
according to 

F 
‘’ SSE 

, Where 

SSR : Slope>l<SXy, 

n 

SXy : Z NORMiDIFF; *NORMiSLIP; — 
[:1 

n 

[2 NORMiDIFF; 
[:1 

2 n 

[2 NORMJLIR] 
n 

S 
Slope : l, Where 

Sxx 

n 2 

n NORMJLIR] 
s” = Z NORMiSLIR-z - 

SSE = S», —SSR, and 

2 n 

[2 NORMiDIFF; 
[:1 

n 

S” = Z NORMiDIFFIZ - 

19. The method of claim 12 further including 
issuing a Warning When the slope of the best-?t line is 

determined to be non-Zero. 
20. The method of claim 12 further including 
calculating a vehicle reference speed, and Wherein 
NORMiDIFF is calculated according to 
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axle and a tire on each of the Wheels, each of the tires having 
NORM DIFF_ viLD - viRD a grip-rate, the method comprising: 

i _ viREF ’ measuring the Wheel speeds of the ?rst Wheel and the 
second Wheel a plurality of times n; 

h 5 calculating a difference in Wheel speed value betWeen the 
W ere ?rst Wheel and the second Wheel for each of the 
ViLD is the speed of the ?rst Wheel, plurality of times n; 
ViRD is the speed of the second Wheel, and determining a value representative of the tractive force for 
ViREF is the Vehicle reference Speed the ?rst Wheel and the second Wheel for each of the 
21. The method of claim 12, Wherein the slope of the 10 plurality of times n; 

besp?t line is determined according to pairing each difference in Wheel speed value With the 
value representative of the tractive force; 

SW performing a linear regression on the n pairings of the 
Slope : TU’ Where 15 difference in Wheel speed values and the values repre 

sentative of the tractive force; and 
analyZing the linear regression to determine Whether a tire 

on one of the ?rst and the second Wheels is de?ated. 
] 23. The method of claim 22, Wherein determining the 

n 

SXy : Z NORMiDIFF; * NORMiSLIP; — 
[:1 

value representative of the tractive force includes determin 
ing a driven Wheel force value for each of the plurality of 
times n. 

2 24. The method of claim 22, Wherein determining the 
1 value representative of the tractive force includes determin 

” [:1 ing a driven Wheel slip value for each of the plurality of 
and s” = ‘ZJJNORMiSLIR-Z - f. 25 times n‘ 

25. The method of claim 22, Wherein analyZing the linear 
regression includes determining the slope of a best-?t line. 

n 

[2 NORMiDIFF; 
[:l 

[2 NORMiSLIP; 
[:l 

n 

n 

[2 NORMiSLIP; 

22. A method for detecting loss of pressure in a tire of a 
motor vehicle having ?rst and second Wheels on a driven * * * * * 
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